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PreviewsThe most highly exchanging and there-
fore dynamic part of these proteins was
the interdomain connector loop (IDCL)
that connects the two domains of each
subunit. These IDCLs exhibited some
of the fastest deuterium incorporation
in the each protein; however, discernable
differences were observed in the dy-
namics of the IDCLs when the proteins
from different kingdoms were compared.
The IDCL forms part of the binding site
for proteins that interact with the sliding
clamp though the PCNA-interacting pep-
tide motif. Given that the clamp proteins
from different species have different
binding partners, it is likely that these
more dynamic and variable sequences
define the specificity of the interacting
partners.
Three of the eight sliding clamps stud-
ied (bacteriophage T4 [gp45], bacteria
[E. coli b clamp], and human [hPCNA])
showed bimodal distributions of deute-
rium incorporation, a phenomenon
termed EX1 kinetics. When a region
of a protein exists in a folded state
that exchanges slowly with a much more
unfolded state, two separable mass
envelopes will be observed in the HXMS512 Structure 22, April 8, 2014 ª2014 Elseviespectra. Here, local unfolding of the b
strands that form the extended b sheet
structure on the outside of the clamps
was observed. Remarkably, the half-lives
of the observed local unfolding events
correlated well with the residence
times of these proteins on circular DNA
in the absence of other proteins in vitro.
It would be interesting to investigate
further if this unfolding event aids clamp
loading and unloading as surmised in
the study.
The sliding clamp proteins have existed
since the very early kingdoms of life
and provide a unique window into how
functional dynamics has evolved as
sequences have evolved. These proteins
need to move processively along the
DNA, and all of them show an intriguing
pattern of alternating dynamics in the in-
ner helices that suggests a mechanism
for this movement. They also need to
clamp and unclamp around the DNA,
and this motion was observed in several
of the proteins as EX1 exchange between
a more folded and less folded state. Sig-
nificant differences in dynamics among
the IDCL regions of the different family
members were observed where proteinr Ltd All rights reservedinteractions have evolved divergently.
Thus, the results suggest that dynamics
required for primary functions will be
conserved across kingdoms, whereas
dynamics required for variable functions
will not. In both cases, dynamics may
vary even when structure is conserved.
With the availability of better and high
throughput HXMS instrumentation, we
hope to see more such phylogenetic
comparisons that will help us better
understand how internal dynamics are
specified in the protein sequence, struc-
ture, and function relationship.REFERENCES
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The allosterically-induced outcome of nitric oxide (NO) binding to soluble guanylate cyclase (sGC) is well
known but poorly understood. As described in this issue of Structure, Underbakke and coworkers apply
a powerful hydrogen/deuterium exchange method to follow the key structural elements of the pathway
between NO binding and sGC catalytic site activation.We tend to think in terms of direct action
when observing protein regulation by
molecular events like ligand binding
or posttranslational modification. Even
when entertaining the idea of remote
regulation, we remain predisposed to the
readily-identifiable structural trigger for
cause and effect. However, our currentunderstanding of allostery tells us that
functional regulation can occur in struc-
turally mysterious ways (Hilser et al.,
2012). Allostery is defined as the induction
of a response at a given site in a protein
system that is triggered somewhere else
in the system. Studies like the one pre-
sented by Underbakke et al. (2014) inthis issue of Structure highlight the long
range over which functional cues can be
transmitted and the complexities associ-
ated with tracking the progression from
effector to outcome.
Allostery is an intrinsic property of all
proteins, because all proteins are dy-
namic to some degree. A protein is best
Figure 1. A Modular Approach to Charting Allosteric Progression in sGC
In a clever use of hydrogen exchange (HX), Underbakke et al. (2014) determined the conformational
response of sGC to NO binding in a set of progressively larger constructs, and they suggest intriguing
mechanistic possibilites for the NO-mediated regulation of cyclic GMP production. The first set of
conformational data (HX1) from NO binding to b1 H-NOX was compared to a second set (HX2) applied
to a homodimeric truncated model of sGC. Together with the conformational data from the full hetero-
dimer (HX3), the authors could map a persistent thread of conformational changes proceeding from the
NO-binding heme group to the catalytic site for cGMP production.
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Previewsdescribed as an ensemble of conformers
that exist in equilibrium, where the energy
barrier between conformers dictates
the population of states or substates
(Goodey and Benkovic, 2008). Even the
native state can be viewed as a popula-
tion of isoenergetic conformers. Allosteric
effects are a direct product of this
spread in conformers. The presence of a
functional conformer somewhere in the
ensemble allows for conformer selection
by the effector and a population shift to
a new ensemble. The perturbation of the
ensemble may not always be dramatic in
a structural sense and can sometimes
be difficult to detect. From a mechanistic
standpoint, we would like to chart the
path of signal transmission, but this can
be even harder to achieve, because the
timeframe for transmission can range
from picoseconds to milliseconds. The
study of allosteric regulation is nowhere
more interesting than in the area of
signal transmission through ill-defined
structural elements, such as flexible
domain linkers and long helices (Ma
et al., 2011; Motlagh et al., 2012).
Underbakke and colleagues present a
conformational description of nitric oxide
(NO) signal propagation through soluble
guanylate cyclase (sGC) (Underbakke
et al., 2014). This large multidomain pro-
tein is a critical intracellular target for
NO, which stimulates sGC to synthesize
the second messenger cyclic GMP
(cGMP) from the substrate GTP. Func-tionally, NO/cGMP signaling regulates
a variety of cellular events, including
synaptic transmission in the CNS, con-
tractile tone in smooth muscle-contain-
ing tissues, platelet aggregation, cellular
apoptosis, and myocardial contractility
and hypertrophy. A major receptor for
intracellular cGMP is cGMP-dependent
protein kinase (PKG), which phospho-
rylates a variety of protein substrates in
NO-sensitive tissues to regulate their
activity and evoke cellular responses.
Because the half-life of free NO is typically
only a few seconds, the sGC/cGMP/
PKG progression provides a critical
mechanism to prolong and amplify the
signaling impact of NO following its syn-
thesis and release.
High-resolution structural insights are
hard to come by with full-length sGC,
because it has resisted crystallographic
and nuclear magnetic resonance (NMR)
analysis. The protein is a multidomain,
150 kDa heterodimer consisting of struc-
turally similar a1 and b1 subunits. Each
subunit contains an H-NOX (heme-NO/
O2-binding) domain, the versatile PAS
sensory domain, a long helical extension,
and a catalytic cyclase domain. We know
that the catalytic site is formed at the
interface of the two cyclase domains,
and the two helices probably form a coiled
coil extending to the PAS domain and
the H-NOX. The H-NOX domain of the
a1 monomeric subunit actually doesn’t
bind a heme group, whereas heme doesStructure 22, April 8, 2014bind to the H-NOX within the b1 subunit.
Enzymatically, when NO coordinates
Fe2+ in the bound heme moiety, the axial
histidine in the coordination sphere disso-
ciates and cyclase activity is triggered.
But what allosteric processes are respon-
sible for this behavior?
The authors use amide hydrogen/
deuterium exchange (HX) to follow the
states that lead to the functional con-
formation There are various ways to
approach such experiments. Continuous
exchange of backbone amide hydrogens
is most common. It provides a localized
measure of structural stability, assuming
that the amides can be resolved and the
protein is equilibrated (Huyghues-De-
spointes et al., 1999). HX reports on the
ensemble average, and, like chemical
shift perturbation, it can be very useful in
determining how the average conforma-
tional state shifts when a ligand is bound
(Kim et al., 2003). The traditional NMR-
based method of detection has been
eclipsed recently by mass spectrometric
(MS) methods, which can probe a wider
timescale and interrogate much larger
protein states. The MS method is even
now beginning to outperform NMR in
structural resolution—not going beyond
individual amides of course, but achieving
greater success in amide resolution
across a protein structure. Innovative
MS-based extensions of the HX method
continue to widen the range of applica-
tions beyond what an NMR readout could
hope to achieve (Konermann et al., 2011).
Underbakke et al. (2014) use a bottom-up
HX-MS approach, which involves a pro-
teolytic digestion step before MS analysis
of the deuterium content in individual
peptides. It is a mid-resolution method
that accommodates proteins of 150 kDa
or even larger. On its own, however, HX-
MS is not very good at tracking allosteric
pathways. Even with improved temporal
resolution using MS, signal propagation
will have already taken place, so it is
unlikely that through-structure cascades
could be detected.
To address this limitation, Underbakke
et al. (2014) take a stepwise approach
by tracking conformational perturbations
through modular assemblies of sGC,
starting with the signal source consisting
of b1 H-NOX, progressing to a minimal
homodimeric construct containing the
PAS domains, and finally to the full
length protein (Figure 1). By overlappingª2014 Elsevier Ltd All rights reserved 513
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Previewsthe site-specific conformational data of
these progressively larger constructs,
they observed a persistent pathway from
the heme-associated helix to the PAS
domain, which appears to involve a
hinge-like motion of the b1 H-NOX away
from the PAS domains. It continues
through the PAS linker to the coiled helical
domains, where the impact of NO binding
becomes dramatic. Interpretation of HX
data breaks down in situations such as
this, because no direction of motion can
be obtained from the measurements,
but, as any fan of Formula 1 racing knows,
pushrod suspensions offer a clean way
of transferring force between two points.
Whether the coiled helices are used in
some analogous way for force transmis-
sion (as suggested in Figure 6B) or to
perturb a direct association between514 Structure 22, April 8, 2014 ª2014 Elsevieb1 H-NOX and the a1 catalytic domain
(Figure 6A) (Underbakke et al., 2013),
it is clear that allosteric propagation is
through a flexible PAS-helix domain.
Will a modular approach, like the one
presented here, always successfully
chart allosteric effects? No, but the future
is bright for an integrative approach
involving creative HX-MS methods and
mutational analysis. Combining the power
of molecular biology with rapid and sensi-
tive HX-MS methods should allow for
many interesting fundamental studies of
allostery and stimulate new approaches
to therapeutic development.REFERENCES
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